Second-site mutagenesis was performed on the argonaute1-33 (ago1-33) hypomorphic mutant, which exhibits reduced sense transgene posttranscriptional gene silencing (S-PTGS). Mutations in FIERY1, a positive regulator of the cytoplasmic 59-to-39 EXORIBONUCLEASE4 (XRN4), and in SUPERKILLER3 (SKI3), a member of the SKI complex that threads RNAs directly to the 39-to-59 exoribonuclease of the cytoplasmic exosome, compensated AGO1 partial deficiency and restored S-PTGS with 100% efficiency. Moreover, xrn4 and ski3 single mutations provoked the entry of nonsilenced transgenes into S-PTGS and enhanced S-PTGS on partially silenced transgenes, indicating that cytoplasmic 59-to-39 and 39-to-59 RNA degradation generally counteract S-PTGS, likely by reducing the amount of transgene aberrant RNAs that are used by the S-PTGS pathway to build up small interfering RNAs that guide transgene RNA cleavage by AGO1. Constructs generating improperly terminated transgene messenger RNAs (mRNAs) were not more sensitive to ski3 or xrn4 than regular constructs, suggesting that improperly terminated transgene mRNAs not only are degraded from both the 39 end but also from the 59 end, likely after decapping. The facts that impairment of either 59-to-39 or 39-to-59 RNA degradation is sufficient to provoke the entry of transgene RNA into the S-PTGS pathway, whereas simultaneous impairment of both pathways is necessary to provoke the entry of endogenous mRNA into the S-PTGS pathway, suggest poor RNA quality upon the transcription of transgenes integrated at random genomic locations.
Second-site mutagenesis was performed on the argonaute1-33 (ago1-33) hypomorphic mutant, which exhibits reduced sense transgene posttranscriptional gene silencing (S-PTGS). Mutations in FIERY1, a positive regulator of the cytoplasmic 59-to-39 EXORIBONUCLEASE4 (XRN4), and in SUPERKILLER3 (SKI3), a member of the SKI complex that threads RNAs directly to the 39-to-59 exoribonuclease of the cytoplasmic exosome, compensated AGO1 partial deficiency and restored S-PTGS with 100% efficiency. Moreover, xrn4 and ski3 single mutations provoked the entry of nonsilenced transgenes into S-PTGS and enhanced S-PTGS on partially silenced transgenes, indicating that cytoplasmic 59-to-39 and 39-to-59 RNA degradation generally counteract S-PTGS, likely by reducing the amount of transgene aberrant RNAs that are used by the S-PTGS pathway to build up small interfering RNAs that guide transgene RNA cleavage by AGO1. Constructs generating improperly terminated transgene messenger RNAs (mRNAs) were not more sensitive to ski3 or xrn4 than regular constructs, suggesting that improperly terminated transgene mRNAs not only are degraded from both the 39 end but also from the 59 end, likely after decapping. The facts that impairment of either 59-to-39 or 39-to-59 RNA degradation is sufficient to provoke the entry of transgene RNA into the S-PTGS pathway, whereas simultaneous impairment of both pathways is necessary to provoke the entry of endogenous mRNA into the S-PTGS pathway, suggest poor RNA quality upon the transcription of transgenes integrated at random genomic locations.
RNA quality control (RQC) is a surveillance mechanism that allows the selective elimination of endogenous aberrant RNAs to prevent their translation into nonfunctional proteins. Indeed, the expression of proteincoding genes follows a complex suite of coordinately regulated processes, which include pre-messenger RNA (mRNA) transcription, capping, polyadenylation, splicing, mRNA transport across the nuclear pore complex, mRNA translation, and, ultimately, mRNA turnover (Moore, 2005) . To make a functional protein, mRNA must proceed through all of these processes error free. However, during these processes, cells routinely make mistakes. Once dysfunctional RNAs are produced, cellular mechanisms must discriminate these RNAs from functional RNAs to ensure that the production of deleterious proteins is kept in check while enabling functional mRNAs to produce proteins. Two modifications, the 59 cap and the 39 poly(A) tail, and their associated proteins distinguish a normal mRNA from an aberrant mRNA. The addition of the 59 cap and 39 poly(A) tail, shortly after the start of transcription and upon transcription termination, respectively, protects mRNA from exoribonucleases, ensuring mRNA stability and facilitating translation. The removal of the 39 poly(A) tail (deadenylation) is catalyzed by a variety of deadenylase complexes, while the removal of the 59 cap is catalyzed by a set of conserved decapping proteins, including DECAPPING1 (DCP1), DCP2, DCP5, DEAD BOX HELICASE HOMOLOG1, and VARICOSE (VCS), in Arabidopsis (Arabidopsis thaliana; Xu et al., 2006; Goeres et al., 2007; Iwasaki et al., 2007) . Upon decapping and deadenylation, the aberrant RNA is subjected to degradation by two conserved exoribonuclease pathways (XRN and exosome). The 59-to-39 XRN exoribonucleases degrade RNA with unprotected 59 ends (Souret et al., 2004) , whereas the multimeric exosome complex contains 39-to-59 exoribonucleases that degrade RNA with unprotected 39 ends (Chekanova et al., 2007; Lange et al., 2014) . Arabidopsis expresses three XRN proteins: nucleolar XRN2, nucleoplasmic XRN3, and cytoplasmic XRN4 (Kastenmayer and Green, 2000) . The exosome core complex contains nine subunits: RIBOSOMAL RNA PROCESSING4 (RRP4), RRP40, RRP41, RRP42, RRP43, RRP45, RRP46, CENTROMERE ENHANCER OF POSITION EFFECT1 SYNTHETIC LETHAL PROTEIN4, and mRNA TRANSPORT REGU-LATOR3 (MTR3); Chekanova et al., 2007; Lange et al., 2014) plus specific cofactors that confer subcellular specialization, for example, MTR4 in the nucleolus, HUA ENHANCER2 (HEN2) in the nucleoplasm, and the SUPERKILLER (SKI) complex in the cytoplasm (Lange et al., 2014; Zhang et al., 2015) .
In parallel to ensuring faithful expression of their own genetic programs, eukaryotic organisms must defend themselves against invading RNA. Indeed, most eukaryotes are challenged daily by parasitic and pathogenic organisms (viruses and bacteria), which can introduce and express their genetic information in the host. To resist the deleterious effects of these invaders, host organisms have developed protection programs that act at both preventative and combative levels. One of these protective programs, posttranscriptional gene silencing (PTGS) or RNA silencing, involves transforming part of the invader RNA into double-stranded RNA (dsRNA), processing dsRNA into small interfering RNA (siRNA), loading of siRNA onto ARGONAUTE (AGO) proteins, and cleavage of invader RNA by AGO-bound siRNA (Ding and Voinnet, 2007; Wang et al., 2011) . Unlike RQC, which selectively degrades endogenous aberrant RNAs based on their structural properties, PTGS degrades both aberrant and functional invader RNAs, because it only relies on the complementarity between siRNA and target RNA. For this reason, PTGS generally does not regulate the expression of endogenous genes, because this could be deleterious for the organism. However, a few examples of endogenous genes producing siRNAs that degrade the corresponding mRNAs have been observed, generally as a result of gene duplication events that allowed the production of dsRNA (Coen and Carpenter, 1988; Clough et al., 2004; Tuteja et al., 2004 Tuteja et al., , 2009 Della Vedova et al., 2005) . It is assumed that only dispensable genes can be kept in such situations and that duplication events that provoke the degradation of essential mRNAs are immediately eliminated during evolution.
Whereas RQC and PTGS were originally considered as exclusive pathways, eliminating endogenous aberrant RNAs and exogenous RNAs, respectively, it turned out that RQC generally serves as a first layer of defense against aberrant RNAs and that PTGS is activated when RQC is unable to eliminate these aberrant RNAs. Indeed, compromising decapping enzymes DCP2 or VCS, or compromising simultaneously 59-to-39 and 39-to-59 RNA degradation, provokes the entry of endogenous mRNAs into the PTGS pathway and the production of siRNAs referred to as rqc-siRNAs or ct-siRNAs (Martínez de Alba et al., 2015) . Moreover, compromising decapping enzymes DCP2 or VCS, 59-to-39 exoribonucleases XRN2, XRN3, or XRN4, exosome core subunits RRP4 or RRP41, or exosome cofactors RRP6L1, RRP44A, MTR4, or HEN2 enhances transgene PTGS (Gazzani et al., 2004; Gy et al., 2007; Thran et al., 2012; Moreno et al., 2013; Lange et al., 2014) , indicating that RQC limits the efficiency of PTGS. Likely, transgene aberrant RNAs are first exposed to degradation by RQC, and only if RQC is compromised or saturated by an excess of transgene aberrant RNAs do these later enter the PTGS pathway. Remarkably, both nuclear and cytoplasmic RQC contribute to limit transgene PTGS. However, if nuclear and cytoplasmic components of the 59-to-39 RNA degradation pathway have long been known, only very recently have nuclear and cytoplasmic components of the 39-to-59 RNA degradation pathway limiting PTGS been revealed (Moreno et al., 2013; Zhang et al., 2015) . Here, we describe the isolation of a ski3 mutant in a genetic screen for PTGS enhancement in a sensitive ago1 background, which confirms the involvement of the SKI complex in cytoplasmic 39-to-59 RNA degradation (Zhang et al., 2015) .
RESULTS AND DISCUSSION
Mutation in SKI3 Restores L1 Sense Transgene Posttranscriptional Gene Silencing in an ago1-33 Mutant Background and Does Not Affect Development Mutagenesis of line L1, which carries a 35S:GUS transgene that undergoes sense transgene posttranscriptional gene silencing (S-PTGS) with 100% efficiency, identified mutants impaired in core components of the S-PTGS pathway. Among the dozen ago1 alleles identified were several hypomorphic alleles that exhibit milder developmental defects than null alleles, despite a similar loss of S-PTGS. To gain further information on S-PTGS regulation, second-site mutagenesis was performed on the ago1-27 and ago1-33 hypomorphic mutants, and plants were screened for restoration of L1 S-PTGS. Two plants restoring 100% L1 S-PTGS due to mutations in FIERY1 (FRY1), a positive regulator of the 59-to-39 exoribonucleases XRN2, XRN3, and XRN4, were identified in the ago1-27 and ago1-33 mutagenesis, respectively (Gy et al., 2007) . A third plant restoring 100% L1 S-PTGS was identified in the ago1-33 mutagenesis (Fig. 1A ). For convenience, this mutant hereafter is referred to as L1 ago1-33 ski3-3. Restoration of L1 S-PTGS was confirmed by the detection of GUS siRNA at levels similar to those observed in L1 or L1 ago1 fry1 (Fig. 1B) . Classical mapping identified an 834-kb interval at the bottom of chromosome 1, which could not be reduced due to linkage to the ago1-33 mutation. New generation sequencing identified mutations in three protein-coding genes of this interval, At1g76490, At1g76630, and At1g76810, which all made sense in this screen. Indeed, At1g76490 encodes a 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG1), also known as microRNA (miRNA) ACTION DEFICIENT3 (MAD3), which is required for AGO1-membrane interaction during miRNA-mediated translational repression (Brodersen et al., 2012) . However, the mutation in HMG1/MAD3 is very unlikely to cause the restoration of L1 S-PTGS in ago1-33, because it is a synonymous mutation that does not change the amino acid sequence of the protein. At1g76810 encodes the translation initiation factor eIF5B, which also makes sense given the association of AGO1 with polysomes during miRNA-mediated translational repression (Lanet et al., 2009 ). The mutation is a G→A nucleotidic change that causes an S→F amino acid change. At last, At1g76630 is annotated as encoding a 1,140-amino acid tetratricopeptide repeat domain-containing protein of unknown function, but a BLAST search against the yeast (Saccharomyces cerevisiae) genome suggested that it encodes the ortholog of SKI3, a member of the SKI complex that threads RNAs directly to the 39-to-59 exoribonuclease of the exosome (for review, see Halbach et al., 2013) . The mutation is a G→A nucleotide change that introduces a stop codon at position Trp-240 ( Fig. 2A) .
Outcrossing L1 and ago1-33 from our suppressor mutant revealed that plants carrying the three mutations in At1g76490, At1g76630, and At1g76810 do not exhibit any developmental defect when grown under regular laboratory conditions (Fig. 2B ). This contrasts with hmg1/mad3 mutants, which exhibit developmental defects (Brodersen et al., 2012) . Moreover, plants homozygous for T-DNA insertions in At1g76810/eIF5B (GABI 224A03, GABI 365D09, SAIL 1147G06, and SALK 124251) could not be obtained, and the siliques of heterozygous mutants exhibited around 25% of holes that are typical of homozygous embryo lethality. In contrast, plants homozygous for T-DNA insertions in At1g76630/SKI3 (FLAG 303H02, GABI 007D02, GABI 140B07, and SALK 099525) were obtained ( Fig. 2A ) and did not exhibit any developmental defect (Fig. 2B) . The absence of developmental defect in our suppressor mutant suggests that the mutations found in At1g76490/HMG1/MAD3 and At1g76810/eIF5B do not significantly affect the activity of these two proteins and that the early stop mutation found in At1g76630/SKI3 could be responsible for the restoration of L1 S-PTGS in the ago1-33 background. To test this hypothesis, a 6.4-kb genomic fragment starting 514 bp upstream of the SKI3 ATG and ending 495 bp downstream of the SKI3 stop codon was used to transform the L1 ago1-33 ski3 mutant. Out of 24 L1 ago1-33 ski3-3/pSKI3:SKI3 transformants, 22 exhibited high GUS activity, similar to L1 ago1-33 plants (Fig. 1C) . Conversely, transformation of L1 ago1-33 ski3-3 plants with a comparable genomic fragment exhibiting a thymine deletion in codon Phe-246, which spontaneously occurred during PCR and created a frameshift and a stop codon at position 300, did not restore L1 S-PTGS (Fig. 1C) . Together, these results indicate that the mutation in SKI3 is causal for the restoration of L1 S-PTGS in the ago1-33 background. This mutation is referred to as ski3-3 to follow the literature (Zhang et al., 2015) .
A SKI3-GFP Fusion Is Functional and Localizes to the Cytoplasm
The pSKI3:SKI3 construct was modified to fuse GFP at the end of the SKI3 coding sequence and introduced into L1 ago1-33 ski3-3. Out of 12 L1 ago1-33 ski3-3/ pSKI3:SKI3-GFP transformants, nine exhibited high GUS activity, indicating complementation by the fusion construct (Fig. 1C) . Analysis of the progeny of two transformants carrying the pSKI3:SKI3 construct inserted at a single locus and of two transformants carrying the pSKI3:SKI3-GFP construct inserted at a single locus confirmed the functionality of the SKI3-GFP fusion (Fig. 1D) .
Roots of the two L1 ago1-33 ski3-3/pSKI3:SKI3-GFP complementing lines were analyzed by confocal microscopy, revealing nuclear exclusion and diffuse cytoplasmic localization (Fig. 3) . Such localization is consistent with the hypothesis that At1g76630 encodes the true ortholog of yeast SKI3, because the SKI complex operates in the cytoplasm. Similar localization was observed for a SKI2-GFP fusion protein expressed under the control of the 35S promoter, consistent with SKI2 and SKI3 interacting within the plant SKI complex (Zhang et al., 2015) .
SKI3 Acts as a Suppressor of S-PTGS
This suppressor screen previously identified fry1 mutants (Gy et al., 2007) . FRY1 is a positive regulator of the 59-to-39 exoribonucleases XRN2, XRN3, and XRN4, which are expressed in the nucleolus, nucleoplasm, and cytoplasm, respectively. A fry1 mutant, therefore, mimics an xrn2 xrn3 xrn4 triple mutant (Hirsch et al., 2011) . Introduction of xrn2, xrn3, and xrn4 mutations individually in the L1 ago1-33 mutant revealed that the single xrn4 mutation recapitulates the effect of fry1 (i.e. L1 ago1-33 xrn4 plants undergo S-PTGS with 100% efficiency, like L1 ago1-33 fry1 plants). In contrast, L1 ago1-3 xrn2 and L1 ago1-3 xrn3 undergo S-PTGS with 15% and 20% efficiency, respectively, indicating that xrn2 and xrn3 have milder effects on S-PTGS (Gy et al., 2007) . To explain the restoration of S-PTGS in L1 ago1-33 xrn mutants, we previously proposed that 59-to-39 degradation of transgene aberrant RNAs by the XRNs limits the amount of transgene aberrant RNAs that enter into the S-PTGS pathway, thus reducing S-PTGS efficiency. Impairing the activity of the XRNs increases the amount of transgene aberrant RNAs that enter into the S-PTGS pathway, thus enhancing S-PTGS, which likely compensates for the effect of ago1-27 and ago1-33 mutations that reduce S-PTGS efficiency by partially inhibiting AGO1 activity. Supporting the hypothesis that XRN2, XRN3, and XRN4 act as endogenous suppressors of transgene S-PTGS, xrn2, xrn3, and xrn4 mutations individually enhanced S-PTGS triggered by the High conditional expressor1 (Hc1) locus, which carries the same p35S:GUS transgene than the L1 locus but triggers S-PTGS in only 20% of the population at each generation (Elmayan et al., 1998) . This line, therefore, serves as a good sensor to monitor the effect of mutations on S-PTGS efficiency (Moreno et al., 2013; Martínez de Alba et al., 2015) . Indeed, Hc1 S-PTGS efficiency was increased up to 47%, 94%, and 100% in Hc1 xrn2, Hc1 xrn3, and Hc1 xrn4 plants, respectively (Gy et al., 2007) .
SKI3 is part of the SKI complex that threads RNAs directly to the 39-to-59 exoribonuclease of the exosome complex in the cytoplasm. Therefore, the ski3-3 mutation could restore L1 S-PTGS in the ago1-33 background by suppressing 39-to-59 degradation of aberrant transgene RNA in the cytoplasm, similar to the xrn4 mutation that restores L1 S-PTGS in the ago1-33 background by suppressing 59-to-39 degradation of aberrant transgene RNA in the cytoplasm. To test this hypothesis, the Hc1 line was crossed to the ski3-3 and xrn4-5 mutants, and F2 plants homozygous for both Hc1 and ski3-3 or xrn4-5 were identified. Analysis of S-PTGS efficiency in F3 plants (n = 96) revealed that Hc1 xrn4-5 and Hc1 ski3-3 plants trigger S-PTGS with 100% and 98% efficiency, respectively (Fig. 4A) . Moreover, the presence of GUS siRNAs was detected in Hc1 ski3-3 and Hc1 xrn4-5 plants (Fig. 4B) , indicating that, in wild-type plants, both XRN4 and SKI3 act as cytoplasmic endogenous suppressors of transgene S-PTGS.
39-to-59 RNA Degradation Is Less Efficient at Suppressing S-PTGS Than 59-to-39 Degradation
The facts that xrn4 and ski3 restore L1 S-PTGS up to 100% in ago1-33 and strongly enhance Hc1 S-PTGS suggest that impairment of either 59-to-39 or 39-to-59 exoribonuclease activity in the cytoplasm has a similar effect on S-PTGS. However, because the L1 ago1-33 and Hc1 systems spontaneously trigger S-PTGS with 3% and 20% efficiency, respectively, they may be too prone to S-PTGS to actually monitor the strength of each degradation pathway at suppressing S-PTGS. Indeed, similar to L1, in which S-PTGS is fully established at 20 DAG, Hc1 ski3-3 and Hc1 xrn4-5 have almost entirely completed S-PTGS at 20 DAG (Fig. 4A) . Therefore, to further evaluate the respective role of either 59-to-39 or 39-to-59 RNA degradation, the effect of xrn4 and ski3 was examined using transgenic systems that are not prone to spontaneously trigger S-PTGS. At first, the ski3-3 and xrn4-5 mutants were crossed to line 6b4, which carries the same 35S:GUS transgene than the L1 and Hc1 lines but never triggers S-PTGS spontaneously. This line serves as a good reporter because it triggers S-PTGS in several RQC mutants (Gy et al., 2007; Moreno et al., 2013; Martínez de Alba et al., 2015) . Analysis of the progeny of plants homozygous for both 6b4 and xrn4-5 or ski3-3 (n = 96) revealed that, despite a slower kinetics than Hc1 xrn4-5 plants, 6b4 xrn4-5 plants eventually trigger S-PTGS with 100% efficiency (Fig. 4A) and accumulate similar amounts of GUS siRNAs to Hc1 xrn4-5 plants (Fig. 4B) , confirming that xrn4 is a potent inducer of S-PTGS. In contrast, 6b4 ski3-3 plants trigger S-PTGS more slowly than 6b4 xrn4-5 (Fig. 4A) , and S-PTGS efficiency in 6b4 ski3-3 plants reaches only 93% at 40 DAG, whereas it reaches 100% in 6b4 xrn4-5 (n = 96), suggesting that 39-to-59 RNA degradation is less efficient at suppressing S-PTGS than 59-to-39 degradation. Consistently, triplicate analysis of LMW RNA suggested that, despite interplant variability, GUS siRNAs accumulate at slightly lower amounts in 6b4 ski3-3 compared with 6b4 xrn4-5 plants and in Hc1 ski3-3 compared with Hc1 xrn4-5 plants (Fig. 4B) .
Interestingly, fry1 mutants were retrieved from both L1 ago1-27 and L1 ago1-33 mutagenesis, whereas the ski3-3 mutant was retrieved from the L1 ago1-33 mutagenesis only. To test if this was due to the nonexhaustive aspect of this mutagenesis or to the incapacity of ski3 mutations to restore S-PTGS in L1 ago1-27, L1 ago1-33 ski3-3 plants were crossed to L1 ago1-27, and L1 ago1-27 ski3-3 plants were identified in the F2 generation of the cross. Analysis of F3 plants (Fig. 4C) revealed that S-PTGS is triggered with 10% efficiency only (n = 96), which is significantly lower than the 100% efficiency observed in L1 ago1-27 xrn4-5 plants. Because L1 ago1-27 probably represents the system that is less prone to spontaneously trigger S-PTGS, these results reinforce the idea that cytoplasmic 39-to-59 RNA degradation is less efficient at suppressing S-PTGS than 59-to-39 degradation. Previous reports pointed to the importance of cleavage/polyadenylation signals in the triggering of S-PTGS. Indeed, transgenes that lack a terminator produce unpolyadenylated RNAs and induce S-PTGS at high efficiency, while transgenes that carry multiple terminators are less prone to trigger S-PTGS (Luo and Chen, 2007) . Moreover, mutations in 39-to-59-POLY(A)-SPECIFIC RIBONUCLEASE, which has poly(A) RNA degradation activity, or in the putative deadenylation factor CARBON CATABOLITE REPRESSOR 4a increased Hc1 S-PTGS efficiency (Moreno et al., 2013) , indicating that deadenylation counteracts S-PTGS, likely by promoting the degradation of transgene aberrant RNAs, thus limiting the amount of transgene aberrant RNAs that enter the S-PTGS pathway.
To determine the respective roles of cytoplasmic 39-to-59 and 59-to-39 RNA degradation in the treatment of Figure 5 . ski3 has a weaker effect than xrn4 on terminatorless constructs. AGO1 silencing was estimated by visual inspection of transformants of the indicated genotypes. The number of transformants analyzed is indicated. S-PTGS efficiency is expressed as the percentage of AGO1-silenced plants. improperly terminated transgene RNAs, a terminatorless construct derived from the AGO1 gene was generated. AGO1 was used as a reporter because introduction of ectopic AGO1 copies triggers S-PTGS, leading to a visual phenotype that can be easily scored (Mallory and Vaucheret, 2009) . A truncated AGO1 construct that lacks the end of the coding sequence and the terminator (pAGO1: AGO1-Dt) was introduced into wild-type Arabidopsis to determine S-PTGS efficiency. A full AGO1 fragment (pAGO1:AGO1-tAGO1) was used as a control. Consistent with a previous comparison of intact and terminatorless constructs (Luo and Chen, 2007) , the truncated pAGO1: AGO1-Dt construct triggered S-PTGS in 52% of the transformants (n = 96), whereas the intact pAGO1:AGO1-tAGO1 construct triggered S-PTGS with only 25% efficiency (n = 135; Fig. 5A ). Then, the truncated pAGO1: AGO1-Dt construct was introduced into the xrn4-5 and ski3-3 mutants and in Columbia-0 as a control. AGO1 S-PTGS occurred in 79% of the xrn4-5/pAGO1:AGO1-Dt transformants (n = 96) but in only 71% of the ski3-3/ pAGO1:AGO1-Dt transformants (n = 127; Fig. 5B ). Although both mutations had the same trend, ski3-3 enhanced S-PTGS efficiency by only 19% while xrn4-5 enhanced it by 27%, reinforcing the idea that cytoplasmic 39-to-59 RNA degradation is less efficient at suppressing S-PTGS than 59-to-39 degradation, even when transgenes are designed to produce aberrant RNAs that are more likely to be eliminated by 39-to-59 RNA degradation. To explain this result, we propose that when 39-to-59 RNA degradation is compromised, part of the improperly terminated transgene RNAs undergo decapping, thus allowing 59-to-39 degradation, which reduces the amount of transgene aberrant RNAs that enter into the S-PTGS pathway and limits the effect of impairing 39-to-59 RNA degradation. Among the various RQC components that strongly counteract S-PTGS, SKI3 is the only one that does not seem to play a significant role in development. Indeed, dcp1, dcp2, fry1, rrp4, rrp41, upframeshift1 (upf1), upf3, vcs, xrn3 , and xrn4 null alleles all exhibit obvious developmental defects, whereas ski3 does not. Therefore, we thought that the ability of ski3 to stimulate PTGS could be used as a tool to study AGO1 functional domains without interfering with the role of AGO1 in development. To do so, ski3-3 was crossed to a series of ago1 alleles that carry point mutations in the various AGO1 domains (Fig. 6A) , which totally or partially impair L1 PTGS. Analysis of L1 ago1 ski3 triple homozygous plants (n = 96) revealed that several ago1 alleles (ago1-33, ago1-38, ago1-39, ago1-40, and ago1-45) are able to silence L1 with 100% efficiency under ski3-stimulating conditions, indicating that they retain the essential AGO1 activity (Fig. 6B ). In contrast, several other alleles (ago1-18, ago1-42, and ago1-49) remain unable to execute PTGS under ski3-stimulating conditions, indicating that the mutations in these alleles affect amino acids of the AGO1 protein that are essential for siRNA-mediated PTGS. Finally, three ago1 alleles (ago1-25, ago1-27, and ago1-43), which totally impair L1 PTGS, exhibit partial L1 PTGS under ski3-stimulating conditions, indicating that the mutations affect important though not essential amino acids of the AGO1 protein.
CONCLUSION
Second-site mutagenesis of a hypomorphic ago1 allele identified mutants that revealed that cytoplasmic 59-to-39 (Gy et al., 2007) and 39-to-59 (this work) RNA degradation pathways counteract transgene S-PTGS. Remarkably, the single mutations xrn4 (impaired in 59-to-39 degradation) and ski3 (impaired in 39-to-59 degradation) individually enhance S-PTGS, indicating that both pathways independently contribute to reducing the amount of transgene aberrant RNAs that enter the S-PTGS pathway. This result contrasts with the fact that simultaneous impairment of 59-to-39 and 39-to-59 RNA degradation pathways (in an xrn4 ski2 double mutant, for example) is required to allow endogenous aberrant mRNAs to enter the PTGS pathway and produce siRNAs (Zhang et al., 2015) . Note that the production of siRNAs from endogenous mRNAs was also observed in dcp2 and vcs mutants impaired in decapping (Martínez de Alba et al., 2015) and that developmental defects of xrn4 ski2 double mutants resemble those of dcp2 or vcs single mutants (Martínez de Alba et al., 2015) . The fact that impairment of decapping activity mimics the simultaneous impairment of 59-to-39 and 39-to-59 RNA degradation activities, therefore, suggests that decapping is required to allow degradation from both 59 and 39 ends. The striking difference between transgenes and endogenous genes points to the weak potential of endogenous genes to produce aberrant RNAs up to a level that could saturate both 59-to-39 and 39-to-59 RNA degradation and provoke their entry into the PTGS pathway. Inversely, transgenes likely produce very high amounts of aberrant RNAs, even when they do not spontaneously undergo S-PTGS, because impairment of either 59-to-39 or 39-to-59 RNA degradation is sufficient to provoke their entry into S-PTGS. This result raises important issues for improving transgene RNA quality to ensure reliable transgene expression.
MATERIALS AND METHODS

Plant Material
Arabidopsis (Arabidopsis thaliana) lines 6b4, Hc1, and L1 and mutants ago1 -18, ago1-25, ago1-27, ago1-33, ago1-38, ago1-39, ago1-40, ago1-42, ago1-43, ago1-45, ago1-49, fry1-4, fry1-5 , and xrn4-5 have been described previously (Elmayan et al., 1998; Béclin et al., 2002; Morel et al., 2002; Souret et al., 2004; Gy et al., 2007; Poulsen et al., 2013) . GABI, SALK, and FLAG T-DNA insertion mutants in At1g76490, At1g76630, and At1g76810 were obtained from the Nottingham Arabidopsis Stock Centre and the Institut National de la Recherche Agronomique.
Growth Conditions
Plants were grown in vitro on a nutritive medium (1.3% [w/v] S-medium [Duchefa] and 1% [w/v] Phytoblend agar) at 20°C, 70% humidity, 120 mE m 22 lighting, and 16-h-light/8-h-dark (long days) photoperiod. After transfer to soil, plants were grown in the same conditions.
